Open-path eddy-covariance CO 2 flux over the ocean have been reported to be much larger in magnitude than the estimated bulk CO 2 flux, and optical window contamination of the openpath gas analyzers has been reported as the cause of the overestimations. During an on-board experiment over the ocean, we manually cleaned the optical window and directly compared CO 2 output signal before and after the window cleaning. It is found that both of the CO 2 fluctuation amplitude and correlation coefficient between vertical wind velocity and CO 2 mixing ratio have apparently increased, then resulting in the downward CO 2 flux overestimation when the optical window contamination accumulate. These apparent increases were reset after the manual window cleaning. Correlation coefficients between CO 2 and H 2 O output signals, which represent cross-sensitivity between CO 2 and H 2 O, can be useful indicators of optical window contamination of the open-path gas analyzer.
Introduction
The air-sea energy fluxes of sensible and latent heat are normally estimated by using bulk aerodynamic formulae. The bulk transfer coefficient is parameterized based on the eddy-covariance method (Fairall et al. 2003) . The estimation of the air-sea CO 2 flux is quite different; it is traditionally estimated with a bulk method that uses transfer velocities, which are based on the isotope mass balance method (Liss and Merlivat 1986) , not on the eddy-covariance. Over land surfaces, however, the global standard for measuring the surface CO 2 flux is the eddy-covariance method, as used in the FluxNet project.
Since 2001, the present authors have been using the on-board, open-path, eddy-covariance system including LI-7500 (LI-COR) gas analyzer to directly evaluate the air-sea CO 2 flux. However, the observed downward CO 2 flux has been much larger than traditional bulk estimates (Tsukamoto et al. 2004) . For a long time the reason for the discrepancy was not clear.
When measuring small CO 2 fluxes by the eddy-covariance method over the ocean, small observational errors can significantly affect the net CO 2 exchange evaluation considering the global ocean coverage. An important possible observational error in the open-path flux measurement is reported by Prytherch et al. (2010) as the cross-sensitivity of H 2 O and CO 2 signals, which is caused by optical window contamination due to hygroscopic particle. This is the first article which described the flux discrepancy after Tsukamoto et al. (2004) although the cross-sensitivity issue has been considered by several studies as reviewed in the following .
The cross-sensitivity effect caused by water film on the optical window was pointed out by Kohsiek (2000) . He tested two prototype open-path gas analyzers (not LI-7500) in laboratory experiments, and found cross-sensitivity between H 2 O and CO 2 , which was caused by liquid water adhering to the optics. Kohsiek (2000) suggests this effect was caused by reflection and scattering of infrared radiation by water film. Optical window contamination effect of LI-7500 by hygroscopic particle was not mentioned in his study.
The effect of contamination of the optical window by hygroscopic particles on the LI-7500 gas analyzer was pointed out by Serrano-Ortiz et al. (2008) for the first time. They reported that the mean CO 2 density apparently decreases with the apparent increase of mean water vapor density in the window contaminated condition. They explained that this effect can be caused by the spectrally different transmittance of mineral dust on the optical window. However, they only reported an apparent decrease of mean CO 2 density, and did not find any effect on the fluctuation and flux of CO 2 . Recently, Fratini et al. (2013) also reported on a gas concentration bias resulting from optical window contamination over land. However, their results were also limited to absolute CO 2 values.
An important contamination effect on the CO 2 fluctuation was first reported by Prytherch et al. (2010) , as an apparent increase of downward CO 2 flux over the ocean. They suggested that the apparently larger CO 2 fluctuation and flux were caused by a cross-sensitivity effect due to optical window contamination of LI-7500. To correct this cross-sensitivity effect, Prytherch et al. (2010) proposed the original PKT correction for the measured LI-7500 CO 2 data. They described the apparent relations between the fluctuations of the CO 2 mixing ratio and relative humidity, and reduced the correlation between these parameters by using an iterative method. However, Else et al. (2011) applied the PKT correction to the eddy-covariance CO 2 flux over the Arctic Ocean without success. Landwehr et al. (2013) reported that PKT correction was not valid when latent heat flux is large. We have also tried to apply this PKT correction to our original data, but the corrected CO 2 flux with the iterative calculation did not converge. Edson et al. (2011) proposed an alternative correction to the cross-sensitivity using a cross-talk coefficient. In the calculation of the cross-talk coefficient, they have to know the true CO 2 flux assuming the PKT correction is truly applied. Both Prytherch et al. (2010) and Edson et al. (2011) concluded that the air-sea downward CO 2 flux by open-path eddy covariance is overestimated by the cross-sensitivity between the CO 2 and H 2 O signals, which are caused by optical window contamination of LI-7500. However, they analyzed only the data from the window-contaminated conditions.
To identify the window contamination effect, one must explicitly compare the data of cleaned optics and window-contaminated optics. In this study, we tried to identify the window contamination effect in the original experiment by manually cleaning the optical windows of open-path LI-7500 during on-board experiments.
Measurements and data processing
Measurement of eddy-covariance CO 2 flux over the ocean including the manual cleaning operation were carried out during two cruises of R/V MIRAI of JAMSTEC (MR10-01 cruise, Jan/ Feb 2010, and MR10-06 cruise, Oct/Nov 2010) in the northwest Figure 2 shows an example of the 0.5s averaged data of air temperature, CO 2 , and H 2 O turbulent fluctuations before and after the window cleaning over a period of 30 min. For the CO 2 and H 2 O fluctuations, both of gas densities and mixing ratios are plotted. It is clear that both the absolute values of the CO 2 density and the mixing ratio increased after the window cleaning. In addition, those CO 2 fluctuation amplitudes decreased after the cleaning, without an H 2 O fluctuation amplitude decrease. These CO 2 fluctuations before the cleaning were clearly negatively correlated with the H 2 O signal, which indicates a large cross-sensitivity between H 2 O and CO 2 fluctuations due to optical window contamination.
The statistics of each observed variable, compared before and after the cleaning, are shown in Table 1 . Two kinds of correlation coefficients between H 2 O and CO 2 densities (R qc ) and between these mixing ratios (R qx ) are also compared, to represent the cross-sensitivity effect. The CO 2 fluctuation amplitude decreased to half value and the correlation coefficient of R qx markedly decreased after the cleaning, while the H 2 O fluctuation amplitude increased almost two-fold, which was confirmed as a natural increase by independent thermometer/hygrometer (Vaisala, HMP-45) data that also shows a similar increase in Table 1 . These statistical numbers represent fundamental identification of the cross-sensitivity effect due to optical window contamination. Figure 3 shows the 10-min statistics of mean CO 2 density, standard deviation of the CO 2 density fluctuation (s c , representing fluctuation amplitude), the open-path eddy-covariance CO 2 flux (WPL correction included), and correlation coefficients between H 2 O and CO 2 (R qc and R qx ), before and after the window cleaning (including the period shown in Fig. 2 ). It can be seen that the CO 2 density measured by LI-7500 recovered to its normal value after the cleaning, whereas the reference CO 2 density was nearly constant. The cleaning also led to a decrease in the CO 2 fluctuation amplitude (shown as s c ). It is clear that the measured CO 2 flux had apparently large negative values before cleaning due to optical window contamination. After cleaning, the measured downward CO 2 flux was greatly reduced. Then over time, the downward CO 2 flux gradually increased along with increased scatter, as the optical window again became contaminated. The duration of the optical window cleaning effect continued about a day in most of the cases. The end period of the cleaning effect can be identified by an increase of s c , and CO 2 flux.
Before the optical window cleaning, the two correlation coefficients in the lowest panel of Fig. 3 had almost the same value (R qc Pacific (Sekinehama, Japan -Dutch Harbor, Alaska). During the periods analyzed in this study, relative wind came from the bow with moderate speed, with the vessel cruising at around 10 knots. The eddy-covariance flux system was installed on top of the foremast of R/V MIRAI. It comprised a sonic anemometer-thermometer (DA-600, Sonic), an open-path gas analyzer (LI-7500, LI-COR), and ship motion sensors. Raw data were sampled at 10Hz and a block average of 0.5s-window was applied before the turbulence statistics were calculated. Details of the measurement system and ship motion corrections are described by Takahashi et al. (2005) and Kondo and Tsukamoto (2007) . Both windows (upper and lower windows) of LI-7500 optical path were manually cleaned with a wet cloth. The H 2 O and CO 2 signals from LI-7500 were continuously monitored and compared before and after the cleaning. The mean concentrations of CO 2 in the air and in seawater were independently measured with a closed-path gas analyzer (BINOS model 4.1, Fisher-Rosemount), which is a reference in this study. The details related to the reference CO 2 measurements system are described in Murata and Takizawa (2003) .
In the data processing, the CO 2 density measured by LI-7500 was converted to a CO 2 mixing ratio to be free from the dilution effect (Webb et al. 1980) . The CO 2 mixing ratio (X c ) is defined as the ratio of CO 2 density (r c ) and dry air density (r d ) as follows using 0.5s averaged turbulence data:
Here r c is measured by the LI-7500 and r d is calculated by the following equation of state for dry air:
where P is the total atmospheric pressure (Pa), P v is the vapor pressure (Pa) calculated from the water vapor density measured with the LI-7500, R d is dry air gas constant (287.1 J K −1 kg −1
), and T is the air temperature (K). T is calculated from the sound virtual temperature measured by DA-600, according to Kaimal and Gaynor (1991) .
Results and discussion
We had ample opportunity to observe the marked decrease of 1-min mean CO 2 density measured by LI-7500 (Fig. 1) , which was pointed out by Serrano-Ortiz et al. (2008) , while the mean CO 2 concentration observed as a reference was nearly constant. The decrease of LI-7500 data can be caused by window contamination due to aerosols (sea salt) or dust (Tsukamoto and Kondo 2011) . Serrano-Ortiz et al. (2008) reported only an apparent decrease Table 1 , comparing values before and after the window cleaning.
= R qx ), and approached −1. Further, the change of the correlation coefficients after the cleaning was clearly shown, especially for R qx , whose magnitude was much smaller than that of R qc . Based on these data, the combination of R qc and R qx can be used as indicators of the contamination of optical windows. The optical window of the LI-7500 is contaminated when R qc = R qx (≈ −1); the optical window can be considered clean when the magnitude of R qx is smaller than that of R qc .
The reason for the difference between R qx and R qc after the window cleaning is that the dilution effect still appears as large negative value for R qc even after the window cleaning, and R qx (without the dilution effect) represents only the correlation by natural fluctuation of H 2 O and CO 2 mixing ratios. The correlation by natural fluctuation exists because of the similarity in atmospheric turbulent transport of H 2 O and CO 2 according to their vertical gradients (Landwehr et al. 2013 ). In the contaminated window condition, the cross-sensitivity effect was greater than that of the dilution effect, and then R qc = R qx (≈ −1). When the optical window is clean, the cross-sensitivity effect could be negligible. Thus, both dilution and natural correlation were included in R qc , while the only natural correlation remained in R qx .
Next, we tried to find out what has been going on when the optical window condition shifted from clean to contaminated, and identify which parameters lead to overestimation of downward CO 2 flux under contaminated conditions. Figure 4 shows another statistics trend representing several parameters related to the CO 2 flux in the same case as shown in Fig. 1 . After we cleaned the optical window at 04:45 UTC on that day, the open-path CO 2 density (shown as LI-7500 in Fig. 4) continuously decreased due to the window contamination, while CO 2_air (as a reference measured by closed-path gas analyzer) was nearly constant. After 10:00 UTC, the difference between CO 2_air and CO 2_sea related to the CO 2 flux was almost constant. It was clear that s x and the downward CO 2 flux (Fc) increased with the apparent decrease of the mean CO 2 density measured by LI-7500.
Eddy-covariance CO 2 flux (Fc) can be expressed with the standard deviations of s w and s x and the correlation coefficient of R wx as follows:
In the present case (shown in Fig. 4) , s x increased by a factor of five (from 0.5 to 2.5 mg m −3
), but the actual downward eddycovariance CO 2 flux increased by a factor of 50 (from 0.01 to 0.5 mg m −2 s −1
). Another parameter of the standard deviation of vertical wind velocity (s w ) was nearly constant (data not shown). Therefore the increase of s x alone cannot explain the increase in CO 2 flux. According to Eq. (3), the increase in flux can also be ascribed to the behavior of correlation coefficient (R wx ) between the vertical velocity and CO 2 mixing ratio. It is plotted in Fig. 4 . As is shown in the figure, −R wx increased by a factor of eight (from 0.05 to 0.4), and s x increased by a factor of five. As the result, the product of these parameters increased by a factor of 40, which was nearly consistent with the increase of the calculated downward Table 1 . Mean and standard deviations of air temperature, H 2 O density, H 2 O mixing ratio, CO 2 density, and CO 2 mixing ratio, before and after the window cleaning (as 10 minutes statistics in Fig. 2 Fig. 3 . Time variation of the mean CO 2 density (C), standard deviation of CO 2 density (s c ), open-path eddy-covariance CO 2 flux (Fc), and correlation coefficients between H 2 O and CO 2 densities (R qc ) and between these mixing ratios (R qx ), before and after optical window cleaning. CO 2 density measured by closed-path is also plotted (red) as reference in this figure. Optical window cleaning was performed at 0:00 UTC on 31 January, 2010. CO 2 flux.
The increase of R wx was also related to R qx , as shown in Fig. 4 , whereas the correlation coefficient for water vapor flux (R wq ) was still around 0.4, irrespective of optical window contamination. When the optical window was contaminated, R wx reached −0.4 (= −R wq ), and then R qx ≈ −1. That is, the CO 2 mixing ratio signal by LI-7500 was almost identical to the negative H 2 O signals under the contaminated conditions, representing negative cross-sensitivity. The negative cross-sensitivity (R qx ≈ −1) leads to an apparent increase of R wx approaching −R wq . When the optical window was clean, R wx was a small negative value with a much smaller magnitude than R wq . These relationships are summarized in Fig. 5 as a correlation scatter plot. When window contamination increases, as shown in Fig. 4 , the apparent decrease of CO 2 density correlates well with increases of s x , downward CO 2 flux, and −R wx . That is, increases of s x and −R wx lead to an overestimation of the downward eddy-covariance CO 2 flux with increasing contamination of the optical window.
According to the LI-7500 operation manual (LI-COR 2000), the light intensity of an infrared source should be controlled by Automatic Gain Control (AGC) when the optical window is dirty. The AGC value is typically 55−65 for a clean window, and it increases when window contamination accumulates. In the present experiment, the value decreased from 57 to 52 after cleaning and the CO 2 flux recovered to a smaller value. The AGC value of 57 is within the clean condition, but users should be aware of small decrease of the AGC value even though the value appears in the typical range.
As explained here, the open-path gas analyzer suffers from window contamination, and an alternative closed-path system that is used over land surfaces can be considered; it has already been used over oceans (McGillis et al. 2001; Edson et al. 2011) . The closed-path eddy flux system includes frequency response and time-lag issues (Kondo and Tsukamoto 2012) , which can be corrected by some proposed method. However, in the small CO 2 flux measurement over the ocean, it has not been well confirmed. In order to confirm the closed-path CO 2 flux data, an automatic window flushing system (Edson et al. 2011 ) can be applied, or quality control using the correlation coefficient presented here can be helpful.
Conclusions
The open-path CO 2 gas analyzer for eddy-covariance CO 2 flux measurements experiences contamination of the optical window.
To identify the contamination effect on observed CO 2 flux over the ocean, on-board experiments were performed for monitoring output signals from the most widely used LI-7500 gas analyzer with manual cleaning operations on its optical windows. The CO 2 output signals before and after the cleaning was compared. After the cleaning, apparent large downward CO 2 flux was diminished, accompanying decreases of the CO 2 fluctuation amplitude (s x ) and the correlation coefficient between CO 2 and H 2 O mixing ratios (R qx ). Both of these values increased again as the window contamination accumulated. The increase of R qx in the contaminated window condition led to the increase of −R wx , approaching R wq . This represents the cross-sensitivity between CO 2 and H 2 O due to optical window contamination.
We found that the apparent increase of CO 2 flux was caused by the increases of s x and R wx , and a combination of the correlation coefficients of R qc and R qx can be used as indicators of optical window contamination. Presumably, most of the large differences between the eddy-covariance CO 2 fluxes and the estimated bulk CO 2 fluxes in previous studies (e.g. Tsukamoto et al. 2004) can be explained by the optical window contamination effect, as the effect was not recognized at the time.
The physical mechanism of the cross-sensitivity caused by optical window contamination can be related to spectrally different absorption, as partially explained by Serrano-Ortiz et al. (2008) , but it is still not clear. However, as demonstrated in this paper, we can use the cross-correlation coefficients between H 2 O and CO 2 signals as effective indicators of optical window contamination, which may help us to improve the data quality assessment in the post processing of the eddy covariance measurements over the ocean.
